We study double perovskite Sr 2 FeXO 6 (X=Mo, Re) ultrathin films (UTFs) and their heterostructures with a SrTiO 3 substrate by first-principles calculations based on density functional theory. It is found that the UTFs and their heterostructures are all half-metallic despite being extremely thin.
Introduction
In the last two decades, spintronics has developed into a field of intensive research.
1)
Spintronics exploits not only the electron charge but also its spin. 2) In spintronic devices such as magnetoresistive random access memory, magnetic tunnel junctions are one of the most important building blocks, consisting of an insulating layer sandwiched by two ferromagnetic ultrathin films (UTFs) in their most basic form. Of great importance for magnetic tunnel junctions is the tunnel magnetoresistance (TMR) effect. [3] [4] [5] [6] In widely studied magnetic tunnel junctions, the insulating layer and ferromagnetic UTFs are made of crystalline MgO and 3d transition metals such as Fe, Co, and CoFe alloys, respectively. This combination of the insulating layer and ferromagnetic UTFs has succeeded in achieving a TMR ratio of over 500% at room temperature; [7] [8] [9] [10] [11] the giant TMR effect originates from the coherent tunneling of fully spin-polarized electrons in the ferromagnetic UTFs through the MgO insulating layer. [12] [13] [14] An alternative class of ferromagnetic materials for which a large TMR effect is expected is half metals, which have attracted a lot of attention due to their possible applications in spintronics. [15] [16] [17] [18] [19] [20] [21] [22] A half metal is a material that behaves as a conductor to electrons of one spin orientation but as an insulator to those of the opposite spin orientation. Well-known half metals are Heusler alloys, 15) chromium dioxide, 16, 17) magnetite, 18, 19) transition-metal chalcogenides and pnictides, 20) manganese perovskite oxides, 21) and double perovskites. 22) Among them, double perovskites have attracted much attention in oxide spintronics, with 6 , where A is usually an alkaline-earth metal atom or rare-earth metal atom while B is a 3d transition metal atom and B ′ is a 4d or 5d transition-metal atom. The TMR effect in Sr 2 FeMoO 6 (SFMO) at room temperature was found by Kobayashi et al. 22) They showed that SFMO is a half-metallic ferromagnet with a Curie temperature of 415 K, high enough for the application to spintronic devices at room temperature. In SFMO, the spin magnetic moments (M spin ) of Fe 3+ and Mo 5+ atoms are antiferromagnetically coupled to each other. The structural, electronic, and magnetic properties of the bulk double perovskites have been studied extensively. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] At the same time, experimental studies of the double-perovskite films have been performed; [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] in most of these studies, a SrTiO 3 (STO) substrate was used for thin-film growth.
On the other hand, there have been very few theoretical studies of double-perovskite UTFs.
To the best of our knowledge, the only theoretical study is the pioneering work on SFMO UTFs by Zhang et al. 55) A theoretical study of double-perovskite UTFs also seems important because the ferromagnetic UTFs are a crucial ingredient of any spintronic device. Note that at the surfaces and interfaces of Heusler alloys, the half-metallicity is in general lost due to the surface or interface states; 56, 57) this is the reason why surface-and interface-sensitive probes do not find 100% spin polarization in Heusler alloy films. 17, 58) Thus, it is indispensable to study whether double-perovskite UTFs remain half-metallic or not. 
Method of Calculations
The models for the SFXO UTFs and their heterostructures studied in this work are schematically shown in Fig. 1 . For all the models, we assume a two-dimensional square lattice with the in-plane lattice constant a=5.57 Å, which corresponds to the lattice constant of bulk SFXO, and a=5.52 Å, which corresponds to the lattice constant of the STO substrate;
note that the lattice mismatch between SFXO and STO is very small, i.e., about 1%. Model I is a slab of three atomic layers, in which the FeXO 4 layer is sandwiched by two SrO layers.
Model II is a slab of five atomic layers, consisting of two FeXO 4 layers and three SrO layers.
Model III is also a slab of five atomic layers but is different from model II in that model III 2/20 represents the heterostructure of the SFXO UTFs with the STO substrate. We carried out all-electron calculations using the scalar relativistic full-potential linearcombination-of-atomic-orbitals (SFLCAO) method and the fully relativistic full-potential linear-combination-of-atomic-orbitals (FFLCAO) method, both based on density functional theory. [59] [60] [61] To calculate the electrostatic potential we used the two-dimensional Ewald method. 62, 63) We first optimized the structures of the systems using the SFLCAO method with the generalized gradient approximation (GGA) to the exchange-correlation energy functional;
we used the Perdew-Burke-Ernzerhof form of the GGA to optimize the structures. 64) Using the optimized structures, the electronic and magnetic properties of the systems were calculated as follows. The densities of states (DOS) and M spin were calculated using the SFLCAO method with the GGA+U approach; 65, 66) the on-site Coulomb repulsion U eff was taken into account using the simplified approach proposed by Dudarev et al. 66) We used the effective as well as those of neutral atoms is crucial to describing the contraction of atomic orbitals associated with cohesion. The Brillouin zone integration in the self-consistent field calculations was carried out using the good-lattice-point method; 70) we used 34 k points to optimize the structures and 89 k points to calculate the MAE. The densities of states were calculated using the 11×11 k-point mesh in the full Brillouin zone. To speed up the convergence, we used a Fermi distribution smearing of eigenstates with a width of 30 meV. We used the force criterion of 0.01 eV/Å to stop the structure optimization.
Results and Discussion
We begin with the optimized structures of models I, II, and III. The results are shown in Table I . For comparison, the optimized structures of the bulk SFXO are also shown in the table together with those reported in previous experimental and theoretical studies; we assumed the structure of the bulk SFRO to be Fm3m to compare with the previous theoretical results reported by Zhang and Ji, 37) although its actual structure is more complicated. To verify the reliability of our optimized structures, we first compare the optimized structures of the bulk SFXO with the results of the previous experimental and theoretical studies shown in Table I . 22, 24, 37) For the bulk SFMO, our calculated d Thus, the error of our optimized structure is expected to be about 1%. Note that the MO 6 octahedra are regular in the bulk SFXO.
We now examine the optimized structures of models I, II, and III. It is found that the FeO 6 octahedra in all the models are elongated considerably along the perpendicular direction.
The perpendicular diagonal d III of the SFMO UTF is not a perfect half metal but is an almost perfect half metal due to a very small but nonvanishing DOS at the Fermi level originating from the up-spin Ti 3d states.
In Table II , we show the calculated spin polarizations P defined by [ hand, when the on-site Coulomb repulsion is neglected, the half-metallicity of model III of the SFMO UTF with a=5.52 Å is lost; the spin polarization of the system is 0.56, although the other systems remain perfectly or almost perfectly half-metallic.
To study the robustness of the half-metallicity of the SFXO UTFs, we optimized the 13 Table III , which is 0.1 meV/Fe atom; 38) because of the nearly cubic symmetry of the bulk SFRO, its MAE is substantially smaller than that in the UTFs, in which the high symmetry is lost due to the existence of the surface or interface.
Also, the MAE of the SFRO UTFs is significantly larger than the giant MAE of 9 meV/Co atom observed in the system of single Co atoms deposited on a Pt(111) underlayer. 71) The
MAEs of the SFRO UTFs are reduced when the STO insulating layer is added as a substrate.
Nevertheless, its MAEs are still very large. 
Conclusions
We have studied the SFXO UTFs and their heterostructures with a STO substrate by firstprinciples calculations based on density functional theory. The UTFs and their heterostructures are all half-metallic despite being extremely thin. The FeO 6 and XO 6 octahedra in the SFXO UTFs are elongated along the perpendicular direction. It is also shown that the halfmetallicity of the SFXO UTFs is robust against in-plane strain. The MAEs of the SFXO UTFs 15/20 are all positive, implying perpendicular magnetic anisotropy. In particular, the MAEs of the SFRO UTFs are found to be very large.
